The aim of this research is to investigate generation of micro voids affecting stretch flange formability in cold-rolled Dual-Phase (DP) steel sheets having a low volume fraction of martensite. The volume fraction of martensite was the dominant factor of the hole expanding ratio instead of the difference in hardness between ferrite and martensite when the difference in hardness between ferrite and martensite was large. On the other hand, the difference in hardness became the dominant factor of the hole expanding ratio in DP steel sheets having a low difference in hardness. Micro voids around the punched hole and the fracture edge of tensile deformation were observed in order to understand these different results. The void density is able to be associated with the hole expanding ratio under the same strain condition and the void density depends on the martensite spacing.
Introduction
The production amount of high strength dual-phase (DP) steel sheets for automobile use is growing to satisfy regulations on weight reduction and crashworthiness raised by the government year by year. When high strength DP steel sheets are applied to automobile frame parts with complicated shapes, stretch flanging of the blank edge becomes more difficult.
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Stretch flange formability is represented by the hole expanding ratio. According to the hole expanding test, 5) a punched hole is expanded by a conical punch from the sheared surface side until a fracture through the sheet thickness occurs at the punched hole edge. The hole expanding ratio of higher temperature tempered DP steel sheets is high because of martensite softening. [6] [7] [8] [9] In the hole expanding process, micro voids generated by punching at the interface between ferrite and martensite grow to become throughthickness crack by combining with each other, and for this reason, the hole expanding ratio of martensitic steel sheets is higher than that of DP steel sheets of the same tensile strength. 6) Therefore, the suppression of micro void generation at the interface between ferrite and martensite is significant for improving the hole expanding ratio of DP steel sheet.
Micro void generation in DP steel sheets seems to change depending on differences in the hardness and volume fraction of the phases because of the difference in the deformability of ferrite and martensite. [10] [11] [12] Here, the hole expanding ratio is able to be improved by appropriately setting the difference in the hardness and volume fraction by controlling the chemical composition and tempering condition for each level of tensile strength. In this study, the effect of the hardness and volume fraction of the phases on the hole expanding ratio is investigated in DP steels containing 20% or less martensite. The objective is to quantitatively evaluate the effects of martensite hardness and volume fraction so as to obtain high a hole expanding ratio.
Experimental Procedure
Eight DP steels were induction melted in the laboratory. Table 1 shows the chemical compositions of steels used. The silicon and manganese contents of the steels were controlled in order to obtain tensile strength of approximately 590 MPa. The ingots were hot-rolled to thickness of 2.8 mm, and cold-rolled sheets with the thickness of 1.4 mm were prepared from the hot-rolled sheets.
The annealing conditions are shown in Fig. 1 . The sheets were kept at 1 073 K (α + γ phase region) for 7 minutes to obtain fully recrystallized microstructure, followed by water quenching. After the water quenching, tempering was carried out at the various temperatures from 423 K to 723 K. The annealing conditions of Group 1 was adopted to obtain different volume fractions and hardnesses of martensite each other. The annealing conditions of Group 2 was adopted to vary only the martensite hardness though the volume fraction of martensite was kept at a constant. The microstructures were etched with 3% nital and observed with a scanning electron microscope. JIS No. 5 type tensile specimens (gauge length: 50 mm, gauge width: 25 mm) were machined from the annealed sheets; the tensile direction was parallel to the rolling direction. A tensile test with a cross head speed of 10 mm/min was carried out. The hole expanding ratio was measured according to the standardized JIS Z 2256 (2010).
5) The square samples of 100 mm length with a 10 mm diameter punched hole in the center were prepared. The die diameter was 10.3 mm and the clearance was 11%. The punched hole was expanded using a conical punch from the burnished side until a crack through the thickness of the sample occurred on the hole edge. The hole expanding ratio (λ) was calculated by the following Eq. (1): The relational Eq. (2) was calculated by two kind of hardness (Hv and DUH) of ferrite and martensite using representative various hardness samples.
The micro voids on the cross-sections after the punched specimens were observed. 6, 13) The observed size of the voids was 1 μm or more, and the measured point of the voids was the longer axis of the axes of an ellipse. The number of voids in the micrographs were counted in the area until 50 μm from the edge (approximately 0.07 mm 2 ), and the void density was calculated.
Results

Effects of Volume Fraction of Martensite on Hole
Expanding Ratio Figure 2 shows the microstructures of the steels in Group 1. The martensite volume fractions in Steels A, B, C, and D were from 7% to 16%. Figure 3 shows the engineering stress-strain curves of the steels in Group 1, and Table 2 shows the volume fraction of martensite (V M ) and tensile properties of the steels in Group 1. The tensile strengths of all the samples were around 640 MPa, and their elongations were approximately 30%. Figure 4 shows the relationship between the volume Table 1 . Chemical compositions of steels used (mass%). fraction of martensite and the hole expanding ratio of the steels of Group1. The hole expanding ratio decreased as the volume fraction of martensite increased. Pushkareva et al. reported that the hole expanding ratio of high strength DP steels over 1 000 MPa was improved by an increase in the volume fraction of martensite. 9) Figure 5 shows the change in the hole expanding ratio with the difference in hardness between ferrite (Hv α ) and martensite (Hv M ). The hole expanding ratio increased with the increase in the difference in hardness, although the opposite results have been reported with 980 MPa grade DP steel sheets. 6) Since the edge of the hole is severely deformed by punching, the micro voids which are generated by punching are considered to greatly deteriorate the hole expanding ratio. [14] [15] [16] [17] To explain the result in Fig. 5 , the microstructures in the cross-sections of the punched edge were observed. Figure 6 shows scanning electron micrographs of the crosssections near the fracture surface of punched Steels A and D of Group 1, which exhibited a large difference in the hole expanding ratio. The arrows in the micrographs indicate micro voids generated by punching. Micro voids were observed at the interface between ferrite and martensite or in the martensite. In steel D, few voids were observed around martensite because of small number of martensite. Figure  7 shows the relationship between the number of micro voids and the hole expanding ratio. The hole expanding ratio decreased as the micro voids increased. These results indicate that the number of micro voids essentially affects the hole expanding ratio instead of the difference in hardness between ferrite and martensite. Figure 8 shows the microstructures of the steels in Group 2. The martensite volume fractions of Steels A, B, C, and D were 11% while the difference of hardness between ferrite and martensite varied. Figure 9 shows the engineering stress-strain curves of the steels in Group 2, and Table 3 shows the volume fractions of martensite (V M ) and the tensile properties of the steels in Group 2. The tensile strengths of all the samples were about 610 MPa, and the elongations were about 31%. Although martensite was softened by tempering, tensile strength was at a constant high level. This is attributed to the small amount of martensite and to the solid solution strengthening of ferrite by silicon. Figure 10 shows the change in the hole expanding ratio with the difference in hardness between ferrite and martensite in the Group 2 steels. The hole expanding ratio of Steel A was as large as that of Steel B. The hole expanding ratios of Steels C and D, however, were significantly increased by reducing the difference in hardness. As described above, the influence of the hardness difference shows the opposite tendency in Groups 1 and 2. Figure 11 shows scanning electron micrographs of the cross-sections near the fracture surface in punched Steels C and D of Group 2, which exhibited high hole expanding ratios. More micro voids were observed in the ferrite than that in Fig. 6 . The number of micro voids of Steels C and D were 145 and 129, respectively. The hole expanding ratio increased as the number of micro voids decreased.
Effects of Difference in Hardness between Ferrite and Martensite on Hole Expanding Ratio
Discussion
Martensite Hardness and Void Density
The hole expanding ratio increased as the martensite hardness increased as shown in Fig. 5 . The relationship between the hole expanding ratio and the number of micro voids is shown in Fig. 7 . The location of the voids moves from inside of the martensite to the interface between ferrite and martensite as the martensite hardness is increased by lowering the tempering temperture. [18] [19] [20] The location of the voids also moves from the interface between ferrite and martensite to inside the martensite by coarsening of martensite.
21) The distribution of strains between ferrite and martensite becomes inhomogeneous by deformation.
22)
Since strain changes significantly with distance from the punched edge in the hole expanded specimen, estimation of the void density is difficult. Here, the void density at each strain was measured by using gradually changing strain near the fracture point in the fractured tensile specimen. The cross-section in the fractured tensile specimens were observed to grasp the micro void generated by strain. Figure  12 shows magnified images of the cross-sections near the fracture surface after the tensile test in Steels A and D of Group 1 and Group 2. Micro voids were generated at the interface between ferrite and martensite or in the martensite except in Steel D of Group 2 while voids were generated in the ferrite in Steel D of Group 2. Void density obtained by using the fractured tensile specimen was also measured at several reduction rate of thickness (t*) near the fracture point. The void density measurement area at each t* in the cross-section near the fracture point was multiplication of 50 μm width and the thickness of the specimen, and the measured void size was 1 μm or more in diameter. The reduction rate of thickness, t* was calculated by Eq. (3) where t o is the original sheet thickness, and t is the thickness at the measurement position in the fractured tensile specimen. The thickness reduction t* was in the range from 29% to 56%. Figure 13 shows the relationship between the volume fraction of martensite and the void density in tensile tested specimen of the Group 1 steels. Void density increased with an increase in volume fraction of martensite or t*. Figure 14 shows the relationship between the difference in hardness and the void density in the tensile tested specimen of the Group 2 steels. Void density increased as the hardness difference increased, and the influence of hardness was magnified at higher t*. This result shows good agreement with the previous paper reporting that softening of martensite by high temperature tempering reduces the number of voids generated in the martensite or at the interface between ferrite and martensite.
10)
Martensite Hardness and Void Generation
The micro voids in Steels C and D of Group 2 were observed in the ferrite as shown in Fig. 12 . On the other hand, a lot of the voids in the other steels were in the martensite or at the interface between ferrite and martensite. Although micro voids were generated at low strain (t* = 29%) except in Steels C and D in Group 2 in Fig. 14 , many micro voids were generated even at low strain in Steel A in Group 1 in Fig. 13 . The voids generated beside martensite in the Group 1 steels indicate that the existence of martensite is the dominant factor of micro void generation. In addition, the martensite hardnesses in Steels A and B of Group 2 were as high as those of Group 1; the morphology of martensite was also similar to that of Group 1. In contrast, since martensite was softened in Steels C and D of Group 2, martensite could sufficiently deform by punching. Although the difference in hardness in 980 MPa grade DP steel sheets was in the range from 250-450 Hv in the previous report, 6 ) the difference in hardness in the Group 1 steels was in the higher range of 350-750 Hv. This is the reason why micro voids were easily generated at the interface or in the martensite compared with the results in the previous paper. Namely, if the difference in hardness is about 350 Hv or more, the volume fraction of martensite is able to become the dominant factor of void generation in DP steel sheets containing 20% or less martensite.
The void generation behavior of DP steel having high martensite hardness was affected by the volume fraction of martensite as shown in Fig. 13 . Since the essential factor of the number of voids depending on the volume fraction of martensite seems to be the martensite spacing, the relationship between the martensite spacing and void density was evaluated by using Steel A of Groups 1 and 2 having large difference in hardness of approximately 700 Hv. The martensite spacing, S M was calculated using the following Eq. (4): (4) where V M is the volume fraction of martensite, and d M is the average diameter of martensite. 23) Figure 15 shows the relationship between the martensite spacing and void density at each reduction rate of thickness. Void density decreased as the mean martensite spacing increased. In the case of the precipitation, Furukimi et al. reported that the number of voids decreased as the mean interparticle spacing increased. 24) Since micro voids are easily generated at locations close to spherical martensite, 25) the result in this study suggests that the reduction of void density by the decrease in the volume fraction of martensite is caused by a decrease in the martensite spacing. In other words, the void density of DP steel with less linkage of martensite seems to be low under the same strain condition. Therefore, in the case of punching, the number of micro void is reduced by the decrease in the volume fraction of martensite because of the increase in martensite spacing. 
Void Density and Hole Expanding Ratio
As shown in Fig. 7 , a lower number of micro voids caused a higher hole expanding ratio; here, the hole expanding ratio was rearranged with the void density. Figure 16 shows the relationship between the void density and the hole expanding ratio at each reduction rate of thickness. The increase in void density significantly reduces the hole expanding ratio. When the reduction of thickness t* is regarded as strain, micro voids hardly occur even at high strain, depending on the difference in hardness between ferrite and martensite. Thus, the essential point in controlling the volume fractions of the phases and difference in phase hardnesses to increase the hole expanding ratio is to suppress the generation of micro voids. The reason why steels A and B in Group 2 showed the same hole expanding ratio is attributed to the fact that their void densities were the same. Since micro voids in DP steel having a large mean martensite spacing are hard to connect each other in hole expanding process, the hole expanding ratio was improved by the decrease in the volume fraction of martensite. As a result, reducing the volume fraction of martensite is important for increasing the hole expanding ratio of DP steel by reducing linkage of martensite. 
Conclusions
The effects of the volume fraction of martensite and the difference in hardness between ferrite and martensite on stretch flange formability were investigated in DP steel sheets having the same tensile strength level. The obtained results were as follows;
(1) A comparison of steels having different volume fractions of martensite showed that a large difference in hardness caused a large hole expanding ratio.
(2) A comparison of steels having the same volume fraction of martensite showed that a small difference in hardness caused a large hole expanding ratio.
(3) The void density at each reduction of thickness decreased as the martensite spacing decreased.
(4) The hole expanding ratio shows a linear relationship with void density in spite of differences in hardness between ferrite and martensite or the volume fraction of martensite.
